The work deals with fracture analysis of oxygen free high conductivity (OFHC) copper after tensile testing done at the room temperature. The samples for testing were severely plastically deformed by equal channel angular rolling (ECAR) process, 1 to 33 ECAR passes were performed. This method provides specific structural changes which have a highly advantageous influence on mechanical properties (yield stress, ultimate tensile strength, and reduction of area) as well as nanohardness and indentation modulus of elasticity. All experimental materials were investigated by progressive loading/unloading technique of instrumented indentation at loads from 1 up to 10 mN and indentation hardness (H) and indentation modulus of elasticity (E) were measured. Fracture of studied materials was transcrytalline ductile with dimple morphology accompanied by significant sample deformation. Most probably it was initiated by dislocation mechanism. The results suggest that about 13 ECAR passes result in best performance of the material.
Introduction
The ultrafine-grained or ultrafine-crystalline (UFG, UFC) materials provide advanced material properties as high strength, suitable ductility and good corrosion resistance [1] . As material properties depend on the internal structure which is being strongly affected by metal forming processes, it is important to find the explanation of the relation between a structure and properties of UFG materials describing the deformation mechanism. According to the literature [2] , deformation mechanism in UFG materials includes slip of perfect and partial dislocations, deformation twinning, stacking faults, grain-boundary sliding, and grain rotations. These deformation mechanisms also exist in coarse-grained (CG) materials however their behaviors is different and still the subject of the world scientific research. Bulk UFG materials could be prepared by methods of severe plastic deformation (SPD) when a sample is being deformed under high strains. However, these methods have been producing relatively small samples; moreover, ECAP is not effective in the industrial applications because it is a discontinuous process with low production efficiency and high cost [3] . The solution seems to be application of discontinuous technologies as an ECAE (equal-channel angular extrusion) [4] , ECAP-Conform [3] , ECAR [5, 6] and others. The ECAR equipment was used in this study. During ECAR processing, samples are being carried through the groove of working rollers. The process uses friction between rollers to push the sample through a die. This paper presents a fracture analysis of pure copper after tensile testing done at the room temperature and an influence of number of passes of the ECAR process on the microstructure and nanohardness and indentation modulus of elasticity of the studying material.
Experimental materials and methods
The OFHC (oxygen free high conductive) copper with purity above 99.99% with initial grain diameter 40 µm after zonal refining was used in this study. The copper rods of cross-section and length 7x6x700 mm respectively were severely plastically deformed by equal channel angular rolling (ECAR) process by 1-33 passes (at the room temperature) without a sample rotation. The ECAR was carried out using rolling mill DUO 210, the angle between feeding roll and external channel was Ф = 90•. The samples for the microstructure, mechanical properties and microhardness investigations were gradually removed from samples after all passes. Instrumented indentation was carried out on a nano-indentation tester Nano Indenter G 200 (CSM Instruments). This type of testing was created as an alternative to traditional hardness testing. It is based on simultaneous control and measurement of indentation load and corresponding depth of penetration which enables to evaluate hardness, elasticity modulus, yield stress and plasticity [7] . For presented experiments Berkovich pyramid diamond tip was used in sinus mode loading of 5 Hz frequency and 5 mN load amplitude. Loads up to 10 mN were applied. The resulting load-penetration (P-h) curves were evaluated according to the analysis of Oliver, Pharr and others [8, 9] and values of hardness and elastic modulus as functions of depth were calculated. Up to 20 indentations were performed and the results were statistically treated. The fracture analyses of the fracture surfaces after the tensile tests were carried out using SEM, JSM -JEOL 7000F. Uniaxial static tensile tests were done on a ZWICK testing machine at room temperature using samples machined along the ECAR direction at a strain rate of 5.9 × 10 −4 s −1 . The gauge length and diameter of the tensile samples were 28 and 4 mm, respectively.
Results and discussion
The microstructure of the investigated material before ECAR is shown in Fig. 1 . The grains of the as-received material were heterogeneous and had size from 10 to 40 µm. After ECAR important changes in microstructure were observed. The OFHC copper processed by 9 passes contained grains with typical size of ~ 0.5 µm. The microstructure of the materials after 9 ECAR passes ECAR is in Fig. 2 . Fig.1 The microstructure of material before ECAR from optical microscopy, interference light Fig.2 The microstructure of material after 9 ECAR passes from optical microscopy, interference light All experimental materials were investigated by progressive loading/unloading technique of instrumented indentation at loads from 1 up to 10 mN and indentation hardness (H) and indentation modulus of elasticity (E) were measured. Figures 1 and 2 illustrate the surface of two of the tested materials, each with nine Berkovich indents. Figure 3 shows the dependence of microhardness and modulus of elasticity on the numbers of ECAR passes. The performed investigations indicate that already the 1st pass has significant influence on mechanical properties including nanohardness (H IT ) and modulus of elasticity (E IT ) as well as on microstructure of the OFHC copper.
Fig.3 Dependence of nanohardnes and modulus of elasticity on the numbers of passes after ECAR
After the first pass the nanohardness increased rapidly from 1.44 GPa up to 1.73 GPa, while the modulus of elasticity dropped from 143 GPa to 120 GPa. The decreasing of can be depend on the ratio change high angle grain boundaries (HAGB) and low angle grain boundaries (LAGB) which was in as receive state HAGB/LAGB=72%/28%, however in the 1 st ECAR pass ratio was rapidly change to HAGB/LAGB=28%/72% [10, 11] . The authors [6] described 13 th pass as faulted point in which elongated grains are change to more equilateral and also mechanisms of UFG formation are changing. Simultaneously, strain hardening and grain refinement took place which lead to increase in hardness. Subsequent ECAR treatment increased both E and H. Nanohardness peaked after 9-13 passes. The increase of the nanohardness at the beginning of ECAR processing (the 1th pass) would be related to the strain hardening [12] . E reaches the original value after 9 passes and up to 21 passes it changes only a little. After 15 passes E starts to decrease together with hardness. In this stage also ductility becomes reduced (~ 7%). This is in agreement with work [10] which reported that yield and tensile strengths of samples increased with increasing the number of passes up to 13 (15) passes, then they decreased. The high ductility and strength of the investigated materials may result from the fact that the deformation of the SPD material takes in part place by propagation of shear bands of width much larger than the grain size. This leads to a deformation mechanism involving collective relative displacement of grain groups, with extensive grain boundary sliding. On the length scale of a few micrometers the material can be regarded as uniform and therefore the local strain distribution becomes more uniform than in coarse grained materials [13] .
The fracture origins of the investigated materials before ECAR and after 1, 5, 13, 15 and 21 passes are shown in Fig. 4 . Substructure of the materials in all stages of formation of nanograins is given in [10] . The microstructures were observed on the fracture surfaces of the all investigation materials after tensile tests. The fracture was transcrystalline ductile with dimple morphology accompanied by significant sample deformation. The dimples were created in three stages -initialization, growth, and coalescence of voids. The micrograph of the material after 5 passes in Fig. 4 shows a crack which was formed most probably at a boundary of original grains. Microcracks started to appear at sites of microvoids and in triple grain junctions [14] [15] [16] [17] [18] . It was most probably initiated by dislocation mechanism [10] . The results suggest that about 13 ECAR passes lead to materials with the best performance.
before ECAR 1 ECAR pass 5 ECAR passes 13 ECAR passes 15 ECAR passes 33 ECAR passes Fig.4 Fracture of copper before ECAR and after various number of ECAR passes.
Conclusions
From the results of nanoindentation tests and fracture analysis of pure copper processed by ECAR, following conclusions are established:
• An ECAR is a useful method providing a structural refinement to the submicrometer range. The OFHC copper, with initial grain size 10-40 µm, processed by 13 passes contains typically ultrafine grains with the diameter ~ 0.5 µm • After the first pass of ECAR the nanohardness increased rapidly, while the modulus of elasticity dropped. Subsequent ECAR treatment increased both E and H. H peaked after 13 passes. E reaches the original value after 9 passes and up to 15 passes it changes only a little.
• The fracture was transcrystalline ductile with dimple morphology accompanied by significant sample deformation. Most probably it was initiated by dislocation mechanism.
• The results suggest that about 13 ECAR passes result in best performance of the material.
